More than 70 years ago, it was realized that in simple ferromagnetic metals such as Fe, Co, and Ni, the current is carried by spin-polarized electrons. This phenomenon arises from a significant spin-dependent scattering of the majority ("up") and minority ("down") spin-polarized electrons. 1 Many of the magnetotransport properties of these elements and their alloys can be understood within a "two-current" model in which the electrical current consists of independent up and down spin currents. It took more than half a century, however, before it was appreciated that these currents can be manipulated in inhomogeneous magnetic systems composed of magnetic and nonmagnetic regions so as to modify the flow of current in these systems and thereby their resistance. Examples include magnetic multilayers comprising alternating thin magnetic and nonmagnetic layers 2-4 such as Fe/Cr, Co/Ru, and Co/Cu, and granular magnetic alloys composed of immiscible magnetic and nonmagnetic metals such as Co and Cu. 5, 6 These systems exhibit very large changes in resistance at room temperature in response to magnetic fields as the magnetization directions of neighboring magnetic layers or regions are changed. This phenomenon is often referred to as giant magnetoresistance (GMR).
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Many of the magnetotransport properties of these elements and their alloys can be understood within a "two-current" model in which the electrical current consists of independent up and down spin currents. It took more than half a century, however, before it was appreciated that these currents can be manipulated in inhomogeneous magnetic systems composed of magnetic and nonmagnetic regions so as to modify the flow of current in these systems and thereby their resistance. Examples include magnetic multilayers comprising alternating thin magnetic and nonmagnetic layers [2] [3] [4] such as Fe/Cr, Co/Ru, and Co/Cu, and granular magnetic alloys composed of immiscible magnetic and nonmagnetic metals such as Co and Cu. 5, 6 These systems exhibit very large changes in resistance at room temperature in response to magnetic fields as the magnetization directions of neighboring magnetic layers or regions are changed. This phenomenon is often referred to as giant magnetoresistance (GMR). [7] [8] [9] [10] [11] [12] [13] [14] The largest GMR effects are found in Co/Cu multilayers, 15 with changes in resistance exceeding 100% at room temperature. However, these large effects are found in multilayers in which the individual Co and Cu layers are ultrathin-just two to three atomic layers thick-because the origin of GMR arises largely from spindependent scattering not within the interior of the magnetic layers ("bulk" scattering, as Mott had considered 1 ) but rather from the interfaces between the individual layers ("interface" scattering). 16 The relative importance of interface as compared with bulk scattering was a topic of considerable debate in the early days of GMR, but now it is generally agreed that the contribution of spin-dependent scattering from a magnetic interface layer is perhaps 100 times as large as that from an interior magnetic layer. This is very important technologically because of the need to minimize and control the influence of long-range magnetic dipolar fields emanating from the magnetic component.
GMR has found one extremely important application in the form of a highly sensitive magnetic recording read head for magnetic hard disk drives (see Reference 13) . The GMR effect in magnetic multilayers is not suitable for sensors but can be engineered to create useful devices by several concepts of "spin engineering." 13 In particular, one important concept is fixing the direction of the magnetic moment of individual magnetic layers in a thin-film device by the phenomenon of exchange bias. 17, 18 Exchange bias is a magnetic exchange interaction at the interface between a ferromagnet and an antiferromagnet that can lead to a unidirectional exchange anisotropy in the ferromagnet. This interaction can be so large that the magnetic hysteresis loop of a ferromagnetic film can be shifted from zero field by an "exchange-bias field," which can exceed 1 T or more in magnitude. A second very important concept is the use of oscillatory interlayer exchange coupling of 3d transition-metal ferromagnetic layers through intermediate nonmagnetic layers of the 3d, 4d, and 5d transition metals and the noble metals Cu, Ag, and Au. 3, 19 All of these nonmagnetic metals exhibit a long-range indirect interlayer exchange coupling that oscillates between ferromagnetic and antiferromagnetic coupling. By using specific thicknesses of these nonmagnetic metals that give rise to antiferromagnetic coupling, artificial anti-ferromagnetic (AAF) thin-film structures can be created that have zero or small net magnetic moments and, consequently, significantly reduced magnetic dipolar fields. These concepts are illustrated in Figure 1 . Figure 1d shows the basic structure of the most commonly used GMR read-head device today. The device, a "spin valve," contains a reference magnetic electrode formed from an exchange-biased artificial antiferromagnet separated from the sensing layer by a thin Cu layer (yellow) ϳ20 Å thick. The sensing layer is typically formed from a soft ferromagnetic alloy with the insertion of a very thin interface layer for enhanced interface scattering. The AAF layer universally contains an ultrathin ruthenium layer just 5-10 Å thick to provide the antiferromagnetic coupling layer. These devices act, in some ways, like a valve, where the flow of current through them is modified by applying a magnetic field.
In the nearly two decades since the discovery of GMR and oscillatory interlayer coupling in transition-metal systems, the magnitude of the GMR signal exhibited by spin-valve structures has changed very little. The resistance of such structures is typically about 10-15% higher when the sensing and reference magnetic moments are antiparallel than when they are parallel to one another. Partly for this reason, interest has been renewed in the past decade in devices based not on spindependent diffusive scattering but rather on spin-dependent tunneling through an ultrathin dielectric layer forming a tunnel barrier. Such magnetic tunnel valve, or magnetic tunnel junction (MTJ), devices were first explored in the 1970s, but the tunneling magnetoresistance (TMR) was very small. 20, 21 In the following 20 years, modest increases in TMR were obtained, with values of about 10% at room temperature achieved in 1995 in devices with Fe-Co electrodes. 22, 23 Most work in this period of time used amorphous aluminum oxide tunnel barriers which had been extensively studied for Josephson junction superconducting devices. A method of forming the tunnel barrier in which a few monolayers of aluminum metal were first deposited and then were subsequently oxidized, either thermally using molecular oxygen or reactively using atomic oxygen, had been successful in creating high-quality tunnel barriers with very low leakage currents. 24, 25 In a few years after 1995, the TMR of MTJs increased rapidly, with values of up to ϳ60% for MTJs with CoFe electrodes and up to ϳ70% for MTJs with amorphous ferromagnetic electrodes formed by incorporating small amounts (10-25 at.%) of glass-forming elements such as B, Zr, or Hf in the CoFe alloy. Interestingly, the magnitude of the TMR signal was found to be rather insensitive to the ferromagnetic electrode material. 26 The basic origin of TMR lies in the degree of spin polarization P of the tunneling current in the MTJ device. For many years, this was considered to be related to the fundamental electronic structure of the ferromagnetic electrodes and, in particular, to the degree of spin polarization of the density of states at the Fermi energy of the electrodes. Similar to the two-current model of transport in ferromagnetic metals, the tunneling current in an MTJ device may be considered as comprising independent majority spinpolarized and minority spin-polarized currents. Assuming that these currents are proportional to the corresponding spinpolarized density of states in the emitting and receiving magnetic electrodes, then the TMR can be defined as
where P 1 and P 2 are the spin polarizations of the density of states of the two magnetic electrodes. 20, 27 In this simple model, the TMR is determined solely by the electronic structure of the magnetic electrodes and is insensitive to the tunnel barrier properties. It has become clear recently that this model is much too simpleminded, and that the properties of the tunnel barrier and its interface with the magnetic electrodes are extremely important in determining the degree of spin polarization of the tunnel current and, consequently, the tunneling magnetoresistance, as discussed in the following sections.
Influence of Chemical Bonding on Spin-Polarized Tunneling
It is well known in MIM (metalinsulator-metal) tunneling structures that the tunneling characteristics are strongly influenced by the electronic structure of the metal interface layers. 28 Similarly, in magnetic tunnel junctions, the interface electronic structure and the nature of the bonding between the ferromagnet and the insulator are clearly very important. Indeed, it was long postulated that the positive sign (majority spin electrons) of the polarization of the tunneling current from Co and Ni ferromagnetic electrodes reflects the predominant tunneling of the more delocalized conduction-band electrons with sp character rather than the more localized electrons with d character, even though the density of states near the Fermi energy of the d electrons is considerably higher. 29 Slight variations in the nature of the bonding between Fe and Co and oxygen in alumina tunnel barriers have been calculated to affect both the magnitude and sign of the polarization of the tunneling current. 30, 31 Unfortunately, the role of oxygen bonding is difficult to probe experimentally because of the ease of formation of transition-metal oxides, many of which are nonferromagnetic or antiferromagnetic.
An interesting system in which to explore the role of oxygen bonding on spindependent tunneling are transition-metal alloys formed from one or more of Fe, Ni, and Co diluted with nonmagnetic elements, in conjunction with tunnel barriers which do or do not contain oxygen. Figure 2 compiles results on alloys of Co-Pt and Co-V with tunnel barriers formed from Al 2 O 3 and AlN. 32 The figure includes measurements of the spin polarization of the tunneling current measured by superconducting tunneling spectroscopy in ferromagnet-insulator-superconductor (FIS) junctions formed by replacing one of the ferromagnetic electrodes in an MTJ with a superconducting layer of Al. Analysis of the voltage-dependence of the conductance of such structures at temperatures well below the superconducting transition temperature of Al (ϳ2 K) allows the direct determination of the tunnel current polarization. 27 The figure shows that for Al 2 O 3 barriers, the tunneling spin polarization (TSP) decreases rapidly when Co is diluted with V but hardly changes at all when Co is diluted with up to 50% Pt. When the Al 2 O 3 barrier is replaced with AlN, the results are quite different. For the case of V, the TSP now decreases more slowly as the Co is diluted with V, but for the case of Pt, the TSP decreases more quickly with increasing Pt concentration.
These results can be rationalized based on the different strengths of the chemical bonds formed between the metal electrodes and O or N in the barrier, as illustrated schematically in Figure 3 . Assuming that the tunneling process is one which is highly localized in nature and that the tunneling current may vary significantly between neighboring atomic sites in the metal interface layer, then the net tunneling current is composed of currents tunneling from individual Co and Pt or V atoms (see Figure 3) . If we conjecture that these currents are directly related to the strength of the local chemical bonds formed at the interface with the tunnel barrier, then since Pt forms a much weaker bond with oxygen than does Co (see Table I ), we conclude that the tunneling current from Co-Pt alloys for alumina tunnel barriers will be dominated by tunneling from the Co atoms. If we further assume that the current from the Co component is spin-polarized and that from Pt (or V) is not, then we can model the dependence of the spin polarization of the tunneling current on the Co-Pt Reference 13.) and Co-V concentrations, as shown in Figure 2 . For Co-Pt/Al 2 O 3 , the experimental measurements can be fit with such a model if the probability of tunneling from Co is about 3.5 times higher than that from Pt. Perhaps coincidentally, this is nearly the same ratio as that of the strength of the Co-O to Pt-O bonds (see Table I ), as inferred from the heat of formation of the corresponding oxygen bond per mole of metal atom.
(c) A very basic giant magnetoresistance/tunneling magnetoresistance (GMR/TMR) stack consisting of (1) a pinned ferromagnetic layer magnetically locked by exchange bias to the interfacial field of an antiferromagnetic (AF) layer and (2) a simple ferromagnetic free layer. The spin valve is such a stack using a conducting spacer layer between the ferromagnetic layers. (d) In this case, the pinned layer is in fact an element consisting of a pair of ferromagnetic layers antiferromagnetically coupled through a ruthenium spacer layer; the lower layer in this artificial antiferromagnet is pinned via exchange bias as in (c). This flux closure (light blue ellipses) increases the magnetic stability of the pinned layer and reduces coupling to the free layer. (e) Pinned element consisting of an AF-coupled pair of ferromagnetic layers acting as a single "hard" layer, with no exchange-bias layer to discourage rotation of the pinned element. (f) Both the pinned and free elements consist of AF-coupled pairs. (g) A double tunnel junction. All ferromagnetic elements consist of AF-coupled pairs. There are two pinned ferromagnets, both exchange-biased by AF layers. Spin-filtering occurs both as current tunnels from the first pinned layer to the free element and again as it tunnels from the free element to the second pinned element. (From
By contrast with Pt, V forms a much stronger bond with O than does Co, so the same model would predict a fast decrease of TSP as the Co is diluted with V since the (non-spin-polarized) tunneling current from V would increase rapidly (faster than in proportion to the V concentration). This is as observed, as shown in Figure 2 .
As mentioned earlier in this section, when Al 2 O 3 is substituted by AlN, the dependence of TSP on Pt and V concentrations is quite different, but the results are consistent with a model in which the local tunneling probability is related to the local chemical bonding. The bonding of Co, Pt, and V with nitrogen is quite weak, so the TSP would then be diluted approximately in proportion to the Pt and V concentrations, as is found experimentally (see Figure 2) . These results suggest that the magnitude of the tunneling spin polarization and, consequently, the tunneling magnetoresistance can be strongly modified by "chemically engineering" the bonding at the interfaces between the ferromagnetic electrodes and the tunnel barrier.
Influence of Wave-Function Symmetry on Spin-Polarized Tunneling
The influence of the chemical bonds formed at the ferromagnet/insulator interface on the magnitude of the tunneling current can be described in terms of a tunneling matrix element. The tunneling current is proportional to the density of states multiplied by the corresponding tunneling matrix element. Similarly, the tunneling matrix elements will also be strongly influenced by the symmetry of the wave functions of the conduction-band states in the ferromagnet. The electronic wave functions decay into the tunnel barrier evanescently, with a decay length that depends on the symmetry of the wave functions. Thus, states with a more delocalized character will decay less quickly into the tunnel barrier and so have a correspondingly larger tunneling matrix element. This means that if the majority and minority spin-polarized conduction-band states in the ferromagnet have significantly different symmetries, then these states will decay at different rates across the tunnel barrier, leading to an in- creased (or decreased) spin polarization of the tunneling current. Thus the tunnel barrier can act as a spin filter. This scenario was predicted for MTJs formed from singlecrystalline Fe/MgO/Fe sandwiches oriented in the (100) direction 33, 34 where the Fe is bcc, the MgO is simple cubic, and the two lattices are rotated with respect to each other by 45Њ to allow for a nearly perfect epitaxial relationship.
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Following the theoretical predictions of very high TMR values in (100) Fe/MgO/Fe, a number of groups attempted to prepare single-crystalline epitaxial thin-film Fe/ MgO/Fe sandwiches, and although highly perfect structures were prepared, only modest TMR values were obtained for several years. [35] [36] [37] [38] In 2001, our group used magnetron sputter-deposition techniques to successfully prepare highly (100)-textured, exchange-biased MTJs with MgO(100)-oriented tunnel barriers that exhibited very high TMR values exceeding 220%. 39, 40 Nearly identical MTJ structures with amorphous alumina barriers exhibited much lower TMR values of ϳ70%. These results appear to confirm the theoretical predictions of Butler et al. 33 With slight modifications of the structure reported in Reference 39, even higher TMR values are obtained, as shown in Figure 4 . The resistance versus field curves in Figure 4 exhibit TMR values of more than 350% at room temperature and nearly 600% at helium temperatures. These structures are useful technologically both because they are formed at room temperature using simple sputter-deposition techniques and because they are prepared on amorphous substrates. In this case, the substrate was an amorphous SiO 2 layer formed on Si(100).
A cross-section transmission electron micrograph of a typical MTJ is shown in Figure 5 . Underlayers of TaN/Ta are deposited first on the SiO 2 substrate, forming a template on which grows a highly (100) 20 . The TMR of this structure, as deposited, is modest (ϳ60-80% at room temperature), but on annealing at temperatures of up to 450ЊC, the TMR is significantly increased to values of more than 350% at room temperature (see Figure 4) .
Conclusions
Spin-dependent tunneling junctions have a history dating back more than 30 years, but it is only in the past decade that magnetic tunnel junctions with significant values of tunneling magnetoresistance at room temperature have been fabricated. A detailed understanding of the relationship of the tunneling magnetoresistance and the corresponding spin polarization of the tunneling current to the ferromagnetic and tunnel barrier materials forming the magnetic tunnel junction is developing. It is clear that it is not simply the electronic structure of the ferromagnetic electrode that determines the magnitude of the spindependent tunneling. Rather, the spin polarization of the tunneling current can be strongly modified by tunneling matrix elements that themselves depend on chemical bonding at the ferromagnet/tunnel barrier interface and also on the symmetry of the electrode's conduction-band wave functions. This means that magnetic metals which are only weakly magnetic can give rise, by suitable wave-function or chemicalbond engineering, to highly spin-polarized currents. Conversely, strongly magnetic metals may give only very weakly spinpolarized tunnel currents. An important conclusion is that the tunneling spin polarization is not related in any simple way to the magnetization of the magnetic electrodes. For example, rare-earth transitionmetal ferrimagnetic electrodes with no net magnetic moment can give rise to highly spin-polarized tunneling current. 41 Magnetic tunnel junctions have a promising future, both as highly sensitive field sensors and as magnetic memory storage elements. 13 By contrast with metallic spinvalve sensors, whose magnetoresistance is limited to 10-20% at room temperature, there is no theoretical limit to the tunneling magnetoresistance of magnetic tunnel junctions. While the very high tunneling magnetoresistance of Ͼ350% at room temperature observed with crystalline MgO tunnel barriers is very attractive for sensing and memory applications, it seems likely that new materials with even higher magnetoresistance values will be found in the future, which could have even wider technological applications.
